The MYST family of lysine acetyltransferases (KATs) function in a wide variety of cellular operations, including gene regulation and the DNA damage response. Here we report the characterization of the second MYST family KAT in the protozoan parasite Toxoplasma gondii (TgMYST-B). Toxoplasma causes birth defects and is an opportunistic pathogen in the immunocompromised, the latter due to its ability to convert into a latent cyst (bradyzoite).
The MYST family of lysine acetyltransferases (KATs) function in a wide variety of cellular operations, including gene regulation and the DNA damage response. Here we report the characterization of the second MYST family KAT in the protozoan parasite Toxoplasma gondii (TgMYST-B). Toxoplasma causes birth defects and is an opportunistic pathogen in the immunocompromised, the latter due to its ability to convert into a latent cyst (bradyzoite).
We demonstrate that TgMYST-B can gain access to the parasite nucleus and acetylate histones.
Overexpression of recombinant, tagged TgMYST-B reduces growth rate in vitro and confers protection from a DNA alkylating agent. Expression of mutant TgMYST-B produced no growth defect and failed to protect against DNA damage. We demonstrate that cells over-expressing TgMYST-B have increased levels of ATM kinase and phosphorylated H2AX, and that TgMYST-B localizes to the ATM kinase gene. Pharmacological inhibitors of ATM kinase or KATs reverse the slow growth phenotype seen in parasites over-expressing TgMYST-B. These studies are the first to show that a MYST KAT contributes to ATM kinase gene expression, further illuminating the mechanism of how ATM kinase is upregulated to respond to DNA damage.
The function of many proteins is regulated by a variety of post-translational modifications (PTMs). Lysine acetylation is rapidly emerging as a major PTM in eukaryotic cells for a multitude of proteins beyond histones, in which this PTM was first described (1) .
Lysine acetyltransferases (KATs) of the MYST-family (named for founding members MOZ, Ybf2/Sas3, Sas2, and Tip60) are broadly conserved amongst all eukaryotes, distinguished by a hallmark acetyltransferase domain that serves as the enzymatic component of several diverse multiprotein complexes. MYST-family members were initially characterized as histone acetyltransferases (HATs) involved in epigenetic-mediated transcription control, but have also been implicated in a wide variety of critical cellular functions including gene regulation, cell cycle progression, and DNA replication (2) .
MYST KATs also play a significant role in the cellular response to DNA damage and apoptosis. Tip60 in particular, has been shown to activate ataxia telangiectasia mutated (ATM) kinase through acetylation of lysine 3016 (K3016) (3) . HeLa cells expressing a "KAT dead" dominant-negative form of Tip60 lacking acetyltransferase activity display defective DNA repair and fail to undergo apoptosis (4) . If ATM kinase is not activated by acetylation, the cell fails to activate cell cycle checkpoints through phosphorylation of DNA damage response proteins (5) . It is also possible that MYST KATs participate in the activation of ATM kinase gene expression by virtue of their HAT activity, but this has not been tested.
Insight into the evolution of this vital KAT family is lacking since very little information is available regarding MYST proteins in eukaryotic cells of distal origin. Previously, we have found that the protozoan parasite Toxoplasma gondii (phylum Apicomplexa) possesses two MYST KATs, which we have named TgMYST-A and TgMYST-B that have high similarity to plant MYST KATs [7] . Both TgMYST KATs contain an N-terminal chromodomain (CHD) and C2H2 type zinc finger within the MOZ-SAS KAT domain (PF01853).
Histone modifications have recently gained much attention in protozoan parasites as they have been linked to modulating critical facets of pathogenesis and have been validated as novel drug targets (6) . For example, in Toxoplasma, histone modifications have been associated with gene regulatory events relevant to the clinically important process of parasite differentiation, the process by which rapidly growing tachyzoites convert into latent encysted forms known as bradyzoites (7) .
We have previously characterized the TgMYST-A KAT (8) . In this report, we present evidence that links the KAT activity of TgMYST-B to transcription control, parasite proliferation, and the DNA damage response. We find that Toxoplasma possesses an ATM kinase orthologue that is up-regulated by TgMYST-B; this up-regulation is dependent on the KAT activity of TgMYST-B. Moreover, TgMYST-B is recruited to the ATM kinase gene and protects the parasites from DNA damage. We also present evidence that links the up-regulation of ATM kinase to a slowed growth phenotype observed in parasites over-expressing TgMYST-B. Our results emphasize the importance of TgMYST-B in parasite physiology and heighten its attractiveness as a potential drug target.
EXPERIMENTAL PROCEDURES
Parasite culture and reagents-Toxoplasma tachyzoites used in this study were RH strain and maintained in human foreskin fibroblasts (HFF) using Dulbecco's Modified Eagle's Medium supplemented with 1.0% fetal bovine serum (Invitrogen). Parasites were grown in a humidified CO 2 (5%) incubator at 37°C. Cultures were routinely monitored for Mycoplasma contamination by MycoAlert™ Assay (Cambrex Bio Science). Parasites were harvested immediately following lysis of host cell monolayers and purified by virtue of filtration through a 3.0 micron filter (9) . In some cultures, the ATM kinase inhibitor KU-55933 (Calbiochem #118500), anacardic acids (Calbiochem #172050), methyl methanesulfonate (MMS, Sigma), or vehicle control (DMSO) was added to the media. Parasite growth assays-Doubling times were determined as described previously (9) . Briefly, T-25 cm 2 tissue culture flasks containing confluent monolayers of host cells were inoculated with 10 5 freshly lysed tachyzoites and incubated. The number of parasites in 50 randomly chosen vacuoles was counted every 8 hrs. Toxoplasma growth assays based on detection of the parasitespecific B1 gene (10) were carried out as previously described (11) . Briefly, 24-well plates were infected with 1000 parasites/well; each day, genomic DNA from infected wells was harvested using the DNeasy kit (Qiagen) and used in SYBR® Green-based quantitative PCR with the 7500 Real-Time PCR system (Applied Biosystems). The parasite count for a given sample was calculated by interpolation from a standard curve (11) . Antibodies and Western blot analysisPolyclonal antibody was generated in rabbit to a polypeptide sequence corresponding to the C-terminal 100 amino acid residues of TgMYST-B (aa 423-523) at Quality Controlled Biochemicals, (Hopkinton, MA). Raw antisera was affinity-purified on the peptide immobilized on Affigel-15 (Bio-Rad Nucleotide sequencing was performed on both strands at the Indiana University Biochemistry Biotechnology Facility (GenBank accession number AAZ79483). To express and purify recombinant epitope-tagged TgMYST-B from Toxoplasma, we used a FLAG tag affinity chromatography approach as previously described (13, 14) . TgMYST-B was cloned into a Toxoplasma expression vector containing the tubulin (TUB) promoter and hypoxanthine-xanthine-guanine phosphoribosyltransferase (HXGPRT) selection cassette (15, 16) to make ptubfTgMYST-B::HX. The TgMYST-B coding sequences were amplified from Toxoplasma cDNA using long-range PCR kit (Qiagen) and primers containing NdeI and AvrII restriction enzyme sites (italicized). The 5' primer also encoded the FLAG epitope tag (underlined): sense, 5'-ATACCATCATATGAAAATGGACTACAA GGACGACGACGACAAGCCTGGCGACTC CGCGTCTCCAGTCTG;
antisense, 5'-ATACCATCCTAGGTCAGTCTTCTTCTCC CCGCCTCGGCGGCG. RHΔHX parasites were stably transfected by electroporating 25 µg of the expression vector into 3.0 x 10 7 parasites and clones were obtained by limited dilution. fTgMYST-B was purified by sonicating parasite pellets in 0.5 ml of 50 mM Tris HCl (pH 7.4), 150 mM NaCl, 10% glycerol (V/V) and 1% Triton X-100 supplemented with a protease inhibitor cocktail (Sigma P8340). The parasite lysate was cleared by centrifuging at 13,000 rpm for 10 min at 4°C prior to mixing with 40 µl of equilibrated anti-FLAG M2-agarose affinity resin (Sigma). The resin and lysate were mixed overnight at 4°C and spun at 8,200 x g for 30 s. The supernatant was removed and the resin was washed three times in 500 µl of 50 mM Tris HCl [pH 7.4], 150 m M NaCl, and 10% glycerol (V/V)) and once with 500 µl of 1x HAT assay buffer (50 mM Tris HCl [pH 8 .0], 5% glycerol, 0.1 mM EDTA, 50 mM KCl, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 10 mM sodium butyrate) at 4°C. fTgMYST-B bound to the resin was used directly in HAT assays as we have done previously (8) . To generate the mutant version, fTgMYST-B(E403G), sitedirected mutagenesis was performed using the QuikChange® II XL kit (Stratagene) according to the manufacturer's instructions. Westerns were performed with anti-FLAG to ensure equal expression between fTgMYST-B(E403G) and fTgMYST-B in the transgenic clones used (data not shown). HAT assay-In vitro HAT assay was performed as previously described (17) . Briefly, FLAG-tagged recombinant protein was purified from Toxoplasma lysates using anti-FLAG M2 affinity gel (Sigma) for use in enzymatic HAT reaction containing recombinant H3 peptide as substrate. HAT reactions were incubated at 30°C for 60 min and stopped by the addition of 10 μl 4x NuPAGE loading dye (Invitrogen) containing 2.0 µl of ß-mercaptoethanol. Samples were separated on 4-12% Bis-Tris gel with MES buffer and transferred to nitrocellulose membrane for immunoblotting with antiacetyl lysine (Assay designs / Stressgen #KAP-TF 120H, used at a 1:1000 dilution). Densitometry values were determined using Kodak 1 D v 3.6.3 software (Scientific Imaging System).
Immunofluorescence and immuno-electron microscopy-Tachyzoites were allowed to by guest on January 22, 2018 http://www.jbc.org/ Downloaded from infect HFF monolayers grown on glass coverslips. IFAs were carried out as described in Bhatti and Sullivan (15) using a 1:100 dilution of affinity-purified anti-TgMYST-B, 1:1000 dilution of anti-FLAG antibody (Sigma F7425), or 1:4000 dilution of SAG1 as primary antibody.
Secondary antibody consisted of anti-rabbit Alexa Fluor 488 or anti-mouse Alexa Fluor 594 (Invitrogen). Extracellular tachyzoites were examined after coating coverslips with 50 µl of 0.1 mg/ml poly-L-lysine.
Parasites in 3% paraformaldehyde and PBS were inoculated onto the coated coverslips and allowed to sit at room temperature for 15 min before being processed for IFA as outlined above. For IFAs, 0.3 μM 4',6-diamidino-2-phenylindole (DAPI) was applied for 5 min at room temperature in the dark as a co-stain. Preparations of Toxoplasma were fixed in 4% paraformaldehyde (Electron Microscopy Sciences, PA) in 0.25 M HEPES (pH 7.4) for 1 hr at room temperature, then in 8% paraformaldehyde in the same buffer overnight at 4 o C. For immunolabeling, samples were processed as described (18) using undiluted anti-MYSTB antibodies, subsequently revealed by 10 nm protein Agold particles before examination with a Philips CM120 Electron Microscope.
Real-time reverse-transcription PCR (qRT-PCR)-
Primers were designed using the Primer Express 2.0 software (Applied Biosystems, CA) and are listed in supplementary Table S1 . The RT reaction was performed using 1.0 µg total RNA isolated from tachyzoites, oligo-dT primers, and Omniscript reverse transcriptase (Qiagen) according to manufacturer's directions. One µl of a 1:10 dilution of the resulting cDNA was amplified in a 25 µl total volume containing SYBR® Green PCR Master Mix (Applied Biosystems, CA) and 0.5 μM of each forward and reverse primer. The Toxoplasma beta-tubulin gene (Genbank accession number M20025) was used to normalize the qRT-PCR (18) .
All reactions were performed in triplicate using the 7500 Real-time PCR system and analyzed SDS software version number 1.2.1 (Applied Biosystems, CA).
Chromatin immunoprecipitation (ChIP)-ChIP was performed on tachyzoites stably expressing fMYST-B using polyclonal anti-FLAG antibody (Sigma F7425) immobilized to Dynabeads Protein A (Invitrogen). Quantitative PCR was performed as described above. Immunoprecipitated DNA samples were normalized using a standard curve created with serially diluted input DNA. 0.1 ng of total ChIP DNA was added to each reaction and reactions were performed in triplicate. Primers used for this study are listed in supplemental Table S1 .
RESULTS

Characterization of a second MYST-family KAT in Toxoplasma.
Previously, we reported a partial coding sequence for a second MYSTfamily KAT in Toxoplasma, termed TgMYST-B (GenBank accession AAZ79483) (8) . We have used 5'-and 3'-RACE to acquire the full-length sequence (Supplemental Figure  SF1) . A single amplicon from a nested 5'-RACE reaction was sequenced to reveal an inframe ATG and 5'-UTR of 133 nt. Interestingly, the 5'UTR contains a single intron of 358 nt. The 3'-RACE product confirmed the previously reported stop codon and revealed the 533 nt 3'-UTR. The TgMYST-B genomic locus is 4.7 kb, containing 7 introns and 8 exons. Our results indicate that the coding sequence of TgMYST-B is 1,572 nt, which is in agreement with the ToxoDB 3.0 prediction, TgTwinScan_2400, not the latest 3,264 nt gene prediction at ToxoDB (TGGT1_023320). The discrepancy between the TGGT1_023320 prediction and our cloning results resides at the 5' end of the gene. Consequently, we performed RT-PCRs using primers designed to clarify the sequence of the 5' end of TgMYST-B. While products downstream of the transcriptional start site we determined by 5'-RACE could be amplified, no amplicons could be generated upstream of this (data not shown). Additionally, no ESTs or proteomics data to date supports the longer TGGT1_023320 prediction.
According to our cloning results, the deduced amino acid sequence of TgMYST-B yields a protein comprised of 523 amino acids with a predicted molecular weight of ~60 kD.
Protein structure and motif analysis shows that TgMYST-B possesses the expected domains, including the MYST catalytic domain, and an upstream C2H2 zinc finger and chromo (CHD) domain ( Figure 1A) . BLASTp analysis reveals the closest matches are MYST acetyltransferases from fellow apicomplexan parasite Cryptosporidium spp. and plant species including Ricinus communis (castor bean) and Arabidopsis thaliana (<e -86 ). In a phylogenetic analysis, TgMYST-B groups with a MYST KAT in Cryptosporidium parvum while TgMYST-A is more similar to a MYST KAT in Plasmodium species (Fig. 1B) . Protein sequence alignments between TgMYST KATs and those found in other select species are shown in Supplemental Figure SF2 . The aforementioned MYST KAT motifs are well conserved between TgMYST-A and -B, but the intervening sequences and N-terminal sequence less so (Supplemental Figure SF3) . Additionally, there are two insertions in TgMYST-B that are not present in TgMYST-A between the CHD and zinc finger/MYST domain; the first is basic rich and composed of 55 amino acids and the second is comprised of 24 amino acids.
Affinity-purified, polyclonal antibody generated against the C-terminal 100 amino acids (aa 423 -523) recognizes a single protein of the expected size (~60 kD) on an immunoblot containing Toxoplasma tachyzoite lysate; no cross-reactivity to either form of TgMYST-A (49-53 kD) was detected (Fig. 1C) . The protein size lends strong support that our cloning data reflects the true TgMYST-B transcript. TgMYST-B displays HAT activity but is found predominantly in the cytoplasm. We sought to confirm that TgMYST-B exhibited the expected enzymatic activity using an in vitro HAT assay as previously described (17) . Native TgMYST-B is expressed at very low levels, making it difficult to obtain sufficient quantities of enzyme for analysis. Therefore, we engineered a transgenic clone stably expressing an ectopic form of TgMYST-B under control of the strong Toxoplasma tubulin promoter; the recombinant TgMYST-B was tagged with FLAG at the N-terminus (fTgMYST-B). fTgMYST-B was purified from parasite lysate using anti-FLAG resin fTgMYST-B served as the enzyme source in an in vitro HAT assay that uses recombinant H3 as substrate. After incubation, the HAT reaction is resolved on SDS-PAGE for immunoblotting. Acetylated H3 is detected with antibody raised against acetylated lysine. The results verify that TgMYST-B is capable of acetylating histone substrate in vitro (Fig.  2A) . The point-mutated version of TgMYST-B (E403G) is described in detail below.
To determine the subcellular localization of TgMYST-B, we used our affinity-purified polyclonal antibody in immunofluorescence assays (IFAs) of intracellular Toxoplasma. Results indicate that TgMYST-B appears to be predominantly cytoplasmic with virtually no protein detectable in the nucleus or apicoplast in either intracellular or extracellular tachyzoites (Fig.  2B) . Predominantly cytosolic distribution was also seen in transgenic parasites stably expressing ectopic fTgMYST-B (Fig. 2C) . For better resolution we used the anti-MYST-B antibody in immune electron microscopy (IEM) of intracellular wild-type tachyzoites. Density (gold particles per square micrometer) of labeled structures was determined from 22 to 26 cellular cryosections. Percentage of cytosolic and intranuclear density was determined from the sum of gold density normalized for the variation in expression of TgMYST-B. Results confirm the cytosolic location for the majority of TgMYST-B (Fig.  2D and Supplemental Fig. SF4 ), but also revealed 20% of gold particles to be in the nuclei of the parasites, consistent with the well-characterized HAT activity for a member of the MYST family. TgMYST-B protects against DNA damage induced by alkylation. The mammalian MYST HAT Tip60 has been linked with the DNA damage response (19) .
We found that parasites containing extra TgMYST-B are significantly more resistant to the alkylating DNA damaging agent methyl methanesulfonate (MMS) (Fig. 3A) . To test if the protection against MMS is dependent on the KAT activity of TgMYST-B, we stably (Fig. 3A) . At the higher level of MMS (500 μM), the parasites harboring mutant TgMYST-B are even more susceptible to DNA damage than wild-type, suggesting the mutant is exerting a dominant-negative effect as previously reported for Tip60 (4) , and further supporting a link between TgMYST-B and the DNA damage response.
The DNA damage response in eukaryotic cells is strongly correlated with an increased level of histone H2AX phosphorylation (21) .
H2AX is rapidly phosphorylated in response to double-strand breaks (termed γH2AX), which are induced by MMS. We have established that Toxoplasma contains H2AX that becomes phosphorylated in response to double-strand DNA breaks (12) . In TgMYST-B over-expressing parasites, however, we find high levels of basal γH2AX and that the increase in γH2AX is dependent on the KAT activity of TgMYST-B (Fig. 3B) . The higher basal level of γH2AX is likely to be a contributing factor explaining why the TgMYST-B over-expressing parasites are more resistant to MMS. KAT activity of TgMYST-B increases levels of ATM kinase. We hypothesized that the increase in γH2AX may be due to inappropriately activated ATM kinase. In human cells, ATM kinase responds to genotoxic stresses that lead to double-stranded DNA breaks following activation by Tip60 (22) . Toxoplasma possesses a predicted ATM kinase (50.m03243/TGGT1_024330), and we examined ATM kinase protein levels by immunoblotting Toxoplasma lysate with a cross-reactive antibody. ATM kinase was only detectable in the fTgMYST-B overexpressing parasites; we could not detect ATM kinase in wild-type or parasites expressing mutant fTgMYST-B (Fig. 3C) .
To test if the increase in ATK kinase may be due to increased transcript levels, we analyzed ATM kinase mRNA levels in wildtype versus parasites over-expressing fTgMYST-B or the mutant version fTgMYST-B(E403G). We detected increased levels of ATM kinase mRNA in fTgMYST-Bexpressing parasites compared to wild-type and transgenics expressing mutant fTgMYST-B (Fig. 4A) . Actin was assayed as a control to show that gene expression is not globally upregulated in the TgMYST-B over-expressing clone.
We then determined if fTgMYST-B was being recruited to the ATM kinase promoter, which would be consistent with the idea that TgMYST-B activates ATM kinase gene expression. Four regions spanning the predicted start codon of the ATM kinase locus were selected for analysis by chromatin immunoprecipitation (ChIP). The results display the expected enrichment of fTgMYST-B in regions most proximal to the predicted start site for ATM kinase (Fig. 4B) . Identical ChIP assays were performed on parasites expressing the mutated fTgMYST-B(E403G). fTgMYST-B(E403G) shows a similar localization pattern at the ATM kinase gene, indicating that KAT activity does not interfere with TgMYST-B recruitment to target genes. To ensure that fTgMYST-B is not being recruited to promoters randomly, we performed ChIP at the Toxoplasma actin promoter, as actin mRNA is not increased in the fTgMYST-B over-expressing parasites (Fig 4A) . In contrast to the ATM kinase gene, the presence of fTgMYST-B does not significantly increase at genes like actin that are not up-regulated (Fig. 4B) .
Collectively, these data strongly suggest that the KAT activity of TgMYST-B protects cells from DNA damage by contributing to the activation of the ATM kinase gene. TgMYST-B KAT activity is associated with slowed replication. It was observed that the parasites expressing additional TgMYST-B were taking considerably longer to lyse their host cell monolayer than wild-type parasites. Toxoplasma growth assays comparing wildtype and fTgMYST-B-expressing parasites confirmed a significant decrease in parasite proliferation (Fig. 5A ). Additional clones isolated from an independent transfection with fTgMYST-B also displayed the same retardation in growth (data not shown). The doubling time of wild-type parasites is ~8 hrs, but it increases to ~16-18 hrs in the fTgMYST-B over-expresser (Fig. 5B) . Toxoplasma expressing fTgMYST-B(E403G) grow at the same rate as wild-type. The slowed growth is not a result of conversion to the bradyzoite stage as determined by Dolichos lectin staining and PCR for the bradyzoite-specific marker gene BAG1 (data not shown).
We conclude that the acetyltransferase activity of TgMYST-B is important in properly regulating growth rate in Toxoplasma tachyzoites.
Inhibition of ATM kinase or KAT activity reverses the slow growth defect in TgMYST-B over-expressing parasites.
To explore the possibility that inappropriately activated ATM kinase contributes to the slowed replication of the fTgMYST-B over-expressing parasites, we added KU-55933, a well-characterized ATM kinase inhibitor with an IC 50 = 13.0 nM (23) , to the cultures. As shown in Fig. 6A , inclusion of 10 nM KU-55933 restores the growth rate of fTgMYST-B-expressing parasites to wild-type levels. Since we have established that excess KAT activity is responsible for the slowed growth of fTgMYST-B over-expressing parasites (Fig.  5) , we examined the effect of pharmacological inhibition of in vivo KAT activities. Addition of anacardic acids (24) also restored the growth rate of fTgMYST-B over-expressing parasites to levels similar to wild-type (Fig.  6B) . These data support that the mechanism of the reduced replication observed in TgMYST-B over-expressing parasites involves inappropriate activation of Toxoplasma ATM kinase by TgMYST-B KAT.
DISCUSSION
Here we report the full-length cloning and characterization of the second MYST family KAT in the parasite Toxoplasma gondii, building from a partial clone first described in Smith et. al. (8) . 5'RACE for TgMYST-B revealed an unusual 5'UTR that harbors an intron, which has been reported for other genes in Apicomplexa (e.g. Plasmodium HGPRT (25)).
Similar to TgMYST-A, TgMYST-B can be classified as a "MYST + CHD" KAT, which includes yeast Esa1, human Tip60, and human and Drosophila MOF (2). Both TgMYST-A and -B are similar in size (between 50-60 kD), subcellular localization, and bear the strongest homology to MYST family proteins found in plants.
We present several lines of data supporting that a subset of total TgMYST-B protein must gain access to the parasite nucleus. While difficult to detect by IFA, IEM shows that 20% of TgMYST-B localized to the nuclear compartment (Fig. 2D) . TgMYST-B contains a basic-rich stretch of amino acids beginning at residue 125, which is characteristic of a nuclear localization signal (15) . Most convincingly, we are able to purify TgMYST-B associated with genomic DNA via ChIP (Fig. 4B) . It is intriguing, however, that the bulk of protein is in the cytosol; similar results were observed for TgMYST-A (8). Moreover, we did not detect by IFA any shift in the localization pattern following alkaline pH stress or MMS treatment (data not shown). In other species, MYST KATs are largely nuclear, presumably operating primarily as histone acetyltransferases. However, human Tip60 has been shown to be translocate into the cytoplasm to form 'speckles' that facilitate the stabilization of Nmi (N-Myc and STATs Interactor) protein (26) . In another example, an alternatively spliced form of Tip60 called Tip60β is present in both nuclear and cytosolic compartments (27) . Toxoplasma is the first cell reported to have such high proportions of MYST KAT protein in the cytosol relative to the nucleus. We speculate two possible reasons for the unusual distribution of TgMYST KATs. One may simply be for regulatory reasons to control the amount of TgMYST protein in the nucleus, but a more tantalizing possibility is that the TgMYST KATs regulate non-histone proteins via acetylation. Several proteomic studies have recently revealed that acetylation is a widespread post-translational modification in prokaryotes and eukaryotes (28, 29) . Yeast proteome microarray studies have shown that the nucleosome acetyltransferase of H4 (NuA4) complex, which contains MYST KAT Esa1, acetylates cytosolic substrates such as by guest on January 22, 2018 http://www.jbc.org/ Downloaded from phosphoenolpyruvate carboxykinase (Pck1) (30) .
Previously, when we attempted to over-express TgMYST-A in Toxoplasma, we could not do so unless the catalytic domain was mutated (8) .
Here we report that expression of additional TgMYST-B, but not a mutant form, dramatically slows the growth of transgenic tachyzoites. This result suggests that the KAT activity of TgMYST-B may be important in the regulation of cell cycle, which could be connected to the established role of MYST KATs in the DNA damage response (19) .
TgMYST-B over-expressers show increased protection against the alkylating agent MMS (Fig. 3A) . The presence of ATM kinase explains the increased basal levels of γH2AX in the TgMYST-B over-expressing parasites. In turn, increased γH2AX causes cell cycle arrest and a decrease in the number of cells in mitosis (31) , thus explaining why parasites containing extra TgMYST-B exhibit retarded growth in culture.
We postulated two mechanisms how TgMYST-B may increase the levels of ATM kinase. One mechanism has already been established in humans: Tip60 activates ATM kinase through direct acetylation of K3016 (3, 32) ; while Toxoplasma ATM kinase contains the conserved lysine residue (K1966), we could not test this possibility since the anti-ATM kinase antibodies do not immunoprecipitate the Toxoplasma ATM kinase. In this report, we present evidence for a novel, second mechanism that involves TgMYST-B increasing ATM kinase mRNA levels.
Further analysis showed that TgMYST-B is specifically recruited to the ATM kinase promoter and this recruitment is independent of KAT activity. The recruitment of enzymatically active TgMYST-B to the ATM kinase gene correlates with an increase in ATM kinase mRNA levels; conversely, KAT-deficient TgMYST-B, despite being recruited to the ATM kinase gene, is unable to up-regulate mRNA levels. These data strongly suggest that TgMYST-B KAT activity is critical for ATM kinase-mediated DNA repair in Toxoplasma. Our study does not rule out other possibilities that could contribute to increase ATM kinase protein in the TgMYST-B over-expressing parasites. For example, it is possible that KAT activity of TgMYST-B directly or indirectly leads to stabilization of ATM kinase protein.
Toxoplasma is now the earliest eukaryote demonstrated to have a link between MYST KATs and the response to DNA injury. These findings also suggest that TgMYST-B is orthologous to mammalian Tip60, which is known to be critical for DNA damage response (19) . Ongoing studies are attempting to elucidate the TgMYST-B complex to determine the identity of the associating proteins.
Toxoplasma causes congenital birth defects and life-threatening disease in immunocompromised patients. More tolerable drug therapies are urgently needed since the current treatment of pyrimethamine and sulfadiazine has toxic side effects. The data we present here, considered with our previous findings reported in Smith et al. (8) , strongly suggest that MYST KATs are involved in diverse critical functions in the parasite, therefore underscoring this protein family as important candidates for future drug design.
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Support for this research was provided through grants from the American Heart Association (0725725Z to A.N.), Swiss National Foundation (PBBSA-115870 to N.V.), and Award Number R21AI083732 (to W.J.S.) from the National Institute Of Allergy And Infectious Diseases. The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institute Of Allergy And Infectious Diseases or the National Institutes of Health. The authors thank Gustavo Arrizabalaga and members of the Sullivan lab for helpful discussion and critically reading the manuscript. In vitro HAT assays. The designated recombinant FLAG-tagged protein was purified from parasite lysate over anti-FLAG resin and used as enzyme source in an HAT assay with recombinant H3 peptide substrate as previously described (17) . Acetylation was detected using an acetyl-lysine antibody on immunoblots of the HAT assay. Lane 1 = fTgGCN5B (used as a positive control), lane 2 = fMYST-B, lane 3 = wild-type lysate, lane 4 = fMYST-B(E403G). The -fold induction of H3 acetylation (listed under the gel) was determined by densitometry of the autoradiogram. B. Localization of native TgMYST-B by IFA in intracellular (top panel) and extracellular (lower panel) tachyzoites, using anti-TgMYST-B at 1:100 (green). For reference, DNA is stained with DAPI (blue) and, for intracellular parasites, the surface antigen SAG1 is stained with anti-SAG at 1:4000 (red). C. IFA of intracellular tachyzoites engineered to stably express recombinant TgMYST-B tagged with FLAG epitope at the N-terminus (shown in green, contrasted with DAPI (blue) and SAG1 (red) for reference). D. Immuno-electron microscopy using anti-TgMYST-B performed on intracellular tachyzoites showing gold particles both in the cytoplasm and nucleoplasm (encircled particles). N = nucleus, ne = nuclear envelope (dotted line), dg = dense granule, m = microneme. Fig. 3 . TgMYST-B confers protection against DNA damage induced by MMS. A. Wild-type (WT), fMYST-B, or fMYST-B(E403G) parasites were grown in the presence of 100 μM or 500 μM MMS; growth rate was monitored using the B1 assay. B. Higher basal levels of phosphorylated H2AX (γH2AX) exist in fMYST-B tachyzoites. Equal amounts of parasite protein were loaded for immunoblotting with anti-γH2AX (1:5000); probing with anti-tubulin serves as a loading control. C. Immunoblot as described for B, but probed with antibody to ATM kinase at 1:2000. Fig. 4 . A. Relative gene expression of TgMYST-B, ATM kinase, and actin in WT, fMYST-B, or fMYST-B(E403G) tachyzoites as assayed by real-time PCR. B. ChIP followed by PCR analysis of four regions proximal to the ATM kinase start site. ChIP was performed on both fMYST-B and fMYST-B(E403G) expressing tachyzoites using anti-FLAG or a non-specific antibody (antibody to an eIF2 kinase, TgIF2K-A (18)). Four primer pairs that amplify a ~93 bp region were used and their approximate position is depicted in the diagram. C. ChIP was performed to show that MYST-B is not enriched on actin promoter. Results are represented as a ratio of ChIP/Input DNA. . DMSO was used as a vehicle control. Growth rate was monitored using B1 assay at day 5. ** denotes a significant difference (p= 3.23545E-05) as determined by t test for unequal variance. 
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